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Abstract 
Many surface or underground coal fires are believed to exist worldwide. They keep burning and extend the areafor many years 
more. The main objective of the study is to gain fundamental understanding of coal fire thermal characteristics and to design the 
thermal evolution model. Fire propagation over periods of time were analyzed and the model assists to locate the fire zone areas 
indicated by the temperature changes and other thermal related variables of natural burning coal so that it can be used to develop 
the predictive model dynamic of burning front. The model is crucial for spontaneous coal combustion prevention study which 
responsible for many coal mine accidents. Burning coal involved complicated and complex processes that are difficult to predict. 
The methodology is modeling coal as a physical process of a porous media (heat transfer in a porous media) and heat transfer in 
fluids. The dynamic burning front of coal fire simulation will be carried out using COMSOL Multi-physic®. The process is 
mainly the coal oxidation during the low and high temperature. The typical chemical reaction of the coal decomposition is shown 
as C156 H74 O30 N2S2ė138C + 12CO2 + 6CO + 37H2 + N2 + S2. The thermal evolution model was determined to be the coupled 
conduction and convection heat transfer phenomena. The temperature changes and fire propagate after the simulation along the 
coal cylinder model. The study found that by increasing the heat flux and the prescribed temperature, it will increase the 
temperature gradient and the distribution of temperature from the heat flux inward.  
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1. Introduction 
Natural burning coal or coal fire at surface or underground mines are one of the most difficult phenomenon to 
prevent since the knowledge of this area is still limited. Coal fire causes many problems to economic, social and 
ecological impacts.Burning coal seam emits dangerous GHG emission (CO2, CO, H, N, NO, S, SO2) and causes the 
land destruction such as subsidence, fractures cracks, etc. The burning can continue to burn for decades or even 
centuries until either the fuel source is exhausted, a permanent groundwater table is encountered, the depth of the 
burn becomes greater than the ground’s capacity to subside and vent, or humans intervene1. Coal fire may happen as 
the result of natural occurrence or as an industrial accident. They are often started by lightning, grass, or forest fires, 
and are particularly insidious because they continue to smoulder underground after surface fires have been 
extinguished, sometimes for many years, before flaring up and restarting forest and brush fires nearby. They 
propagate in a creeping fashion along mine shafts and cracks in geologic structures2. The countries that suffer a lot 
of this issue are mostly the world producing coal countries such as China, U.S.A, India, E.U, Australia and 
Indonesia.   
2. Objectives 
 
The main objective of the study is to gain fundamental understanding of coal fire thermal characteristics and to 
design the thermal evolution model. The model was used to analyse fire propagation over periods of time and to 
locate the fire zone areas and see the temperature changes in a steady state condition and other thermal related 
variables of natural burning coal so that it can be used to develop the predictive model dynamic of burning front. 
The model is crucial for spontaneous coal combustion prevention study which responsible for many coal mine 
accidents. Burning coal involved complicated and complex processes that are difficult to predict. 
 
3. Methodology 
 
Burning coal involved a complicated and complex processes that is difficult to predict especially if it is 
underground and not too many researches has been done in this area. The burning coal consists of three categories of 
multi-physics models, namely fluid dynamics, heat transfer and mass transfer. The proposed model will concentrate 
on modellingthe coal as a physical process of a porous media or heat transfer in a porous media and heat transfer in 
fluids. The dynamic burning front of coal fire simulation will be carried out using COMSOL Multi-physic® 
software Ver. 4.0a. The multi-physic models will be integrated in a model and interactive each other. Since the 
burning coal phenomena is a multi-physical process, the simulation tool must be multi-physics capable in order to 
correctly capture the important aspects of the design and COMSOL has that capability. COMSOL Multi-physics 
delivers the ideal tool to build simulations that accurately replicate the important characteristics of the designs. 
COMSOL works based on finite element (FE) analysis, solving the differential equations of the problems. FE can 
handle complex geometries and boundary and compared with other methods of modeling COMSOL are relatively 
easy to use graphical interface, uses state-of-the-art solvers and optimizers, runs well on a suitably-equipped (lots of 
RAM) desktop PC, lots of default options / hidden parameters, and interface changes based on what type of physics 
to be solved3.  
 
4. Predictive Model Dynamics of Burning Front 
 
Coal oxidation during coal fire progressed from low to high temperature, therefore the reaction mechanism is 
referred to the combustion of solid fuel. Since this study considered only the oxidation of carbonaceous solid 
material,  the reaction mechanism can be written as the following4: 
 
                                    ash/solid products                                                                                                                (1) 
 
 
 
2 2C O CO o 
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Reaction mechanism of coal fire is as the following4: 
x Transport of reactive gases in coal pores 
x Gas adsorption  
x Generation of gaseous and solid products 
 
The burning coal decomposed into carbon, hydrogen, nitrogen, carbon monoxide, carbon dioxide and sulphur. 
The typical chemical reaction of the coal decomposition is shown below: 
 
(2) 
 
The transfer of heat consisting solid and moving fluid of coal fire is influenced by physical, chemical and 
hydromechanics mechanism4. Therefore, both conduction and convection responsible in transferring heat during coal 
fire.Conduction has two different forms (Fourier’s law) of equations as described in the following5: 
 
Differential form (flow rate or heat fluxes): q k T   (3) 
 
Integral form (amount of energy):(4) 
 
 
where q is the local heat flux density (W·m−2), k is the material's conductivity (W·m−1·K−1), T is the 
temperature gradient (K·m−1), /Q tw w is the amount of heat transferred per unit time(W) and dA is an oriented 
surface area element (m2).  
 
The transport of energy flow coal fire involves the conservation of energy law as the first law of thermodynamic 
below5: 
 
dU W Qw  w (5) 
where dU is change of internal energy in the system, and Ww is amount of energy loss by the system due to the 
work done by the system. 
 
Density of the coal (ρ) and the heat capacity of the coal (Cp)dictate the change of internal energy in the system 
and the temperature change as the function of time. 
 
(6) 
 
The change of temperature indicatesthe amount of the energy loss and based on the coal thermal conductivity.  
 
( )W k Tw    (7)  
 
Based on the conservation of energy in Eq. 5, therefore coupled conduction as a Fourier's law in Eq. 3, 4 and 
thelaw conservation of energy in Eq. 6, 7 in burning coal or coal fire can be written as the following4: 
 
(8) 
 
A convection phenomenon is showed by heat transfers through the gas flow in coal fire.Convective flux based on 
Newton's law of cooling is written as follow6: 
 
(9) 
 
where q is the heat transferred per unit time (W), h is the convective heat transfer coefficient of the process 
(W·m−2·K−1), A is heat transfer area of the surface (m2), Ts is temperature of the surface and Tais the air temperature. 
TdU Cp
t
U w w
Q k T dASt
w    ³w 
( )
TCp k T Q
t
U w    w
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Convective coefficient(h) depends on the density, viscosity, and specific heat capacity of the coal. Viscosity and 
specific heat capacity are the functions variables for the Darcy law's velocity vector (pressure difference). 
 
Momentum balance is the product of the mass and velocity of an object7:  
 
                                 (10) 
 
Momentum balance needs to be considered in coal fire model because of the transport of gasses by convective 
heat transfer phenomena. Momentum balance of the coal fire is the product of velocity (Darcy law, u), heat capacity 
(Cp) and the mass (density, ρ) of the coal.Therefore the convective flux coupled with the momentum balance gives 
the following equation4: 
  
(11) 
 
Finally, rearranging Eq. 8 and Eq. 11, coupled conductive and convective in burning coal can be formulated as 
the following4: 
 
(12) 
 
where Q denotes the heat source (W·m-3), -kthermalconductivity (W·m-1·K-1) and Cp heat capacity (J·kg-1·K-1). 
 
5. Coal fire evolution model  
 
The physical geometry of burning coal will be designedbased on the geological and geophysical data of the 
specific coal fire site. The investigating underground coal fire to be modeled will be depicted by COMSOL 
functions. The geometry is a 3D cylinder considered as a coal seam with the radius of 5m and height is 30m. The 
geologic characteristics will also come from the real data that includes the type of the coal, type of the rocks and 
type of the soil. These parameters are significant for the simulation since those parameters are some of the most 
factors that affected the coal fire to burn. 
 
Fig. 1.Coal seam 3D geometry model. 
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The boundary conditions modeled in the study were coupled heat transfer in porous media and heat transfer in 
fluids (gas O2), thermal insulation and prescribed temperature. 
Characterization of the thermal properties of coal fire will include the thermal conductivity of the coal, thermal 
conductivity of the rock, the heat capacity of the coal and the rock and the average temperature of underground 
related to depth, as well as the average surface temperature. When the type of coal and rock is known, all those 
parameters can be found in the literatures and the temperature data will be provided from the specific site of coal 
fire.The proposed model used bituminous coal type with the properties of thermal conductivity of 0.1 W·m-1·K-1, 
heat capacity of1000 J·kg-1·K-1, density of 673 kg·m-3 and permeability of 1.2 x 10-12 m2. 
The list of specific input parameters and variables that are needed to be determine are as the following; density of 
air, density of rock, acceleration due to gravity, initial temperature, molecular weight of air, universal gas constant, 
initial pressure, convective heat transfer coefficient, pre-exponential factor, diffusion coefficient of oxygen, reaction 
enthalpy, initial concentration of solid fuel, initial concentration of O2, heat capacity of coal, thermal conductivity of 
rock, thermal conductivity of coal, thermal conductivity air, and permeability. 
 
6. Simulation results and conclusions 
 
The result of the study showed that the temperature changes after the simulation along the coal 
cylinder.Increasing the heat flux will increase the temperature gradient and distribution of the temperature from the 
heat flux inward while increasing the prescribed temperature will increase the temperature gradient and distribution 
of the temperature from the heat flux inward. Below are the figures and table that showed the changes of temperature 
and the simulation results in 3D and slice 3D.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Coal seam 3D geometry model. 
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Fig. 3. Coal seam 3D slice geometry model. 
 
Table 1. Temperature changes along the coal cylinder. 
x y z Value (°C) 
1.3097 0.6628 0.5489 529.894 
0.6018 0.688 0.5782 527.8901 
0.524 0.7286 0.5976 523.2735 
0.7053 0.6569 0.4638 523.15 
0.6153 0.6612 0.5455 523.15 
0.5898 0.6515 0.5167 523.15 
0.8 0.7303 0.5199 523.15 
1 0.7165 0.5466 523.15 
0.4385 0 0.223 493.15 
0.2727 0.0159 0.0986 1.83E+05 
0.2268 -0.0691 0.0721 350 
0.2974 0.0311 0.0948 293.15 
0.1993 0.0331 0.0941 293.15 
0.0164 -0.0999 0.003 696.1355 
0.0406 -0.0642 0.0766 11261.791 
-8.88E-16 -5.13 4.1838 1.20E+05 
4.2702 -6.3181 7.7458 11932.131 
-8.88E-16 -1.8367 1.616 1353.414 
6.5401 -3.6619 5.9575 293.15 
30 -0.6889 0.3187 293.15 
30 -3.0515 1.2133 293.15 
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